The aim of this study, performed on 62 adult dry cashmere goats grazing upland perennial ryegrass-white clover pastures and naturally infected with gastrointestinal nematodes, was to investigate the effects of stocking rate (SR: 24 vs. 38 goats ? ha 21 ) and tannin-containing heather supplementation (H: Calluna vulgaris [L.] Hull, Erica spp.) vs. nonsupplementation on parasite burden, fecal egg counts (FEC), and live weight (LW) changes. Goats were randomly assigned to four treatments in a 2 3 2 factorial arrangement and grazed continuously from May to October. Six goats per treatment were slaughtered at the end of the grazing period, and adult worms in the abomasum and small and large intestines of each animal were recovered, counted, and identified. FEC was affected by SR (P , 0.01) but not by H. However, the SR 3 H interaction was significant (P , 0.05). FEC increased (P , 0.001) along the grazing season in all treatments, and the SR 3 time interaction was significant (P , 0.001). In general, mean total worm counts in abomasum and small intestine tended to be higher under high SR, although the differences were only significant (P , 0.01) in Trichostrongylus spp. counts. In goats managed under the high SR, the mean of total Teladorsagia circumcincta counts was lower (P , 0.01) in supplemented animals, but no differences were recorded for Trichostrongylus spp., Chabertia ovina, Oesophagostomum columbianum, and Trichuris ovis. The goats gained more LW (P , 0.001) under low SR and when they were heather-supplemented. No significant SR 3 H interaction was found for LW change. In conclusion, high stocking rate increases the infectivity risk of pasture and the supplementation of grazing goats with heather contributing to improve animals' performance. Notwithstanding, the effect of heather availability on nematode FEC reduction could be highly dependent on the climatic conditions.
INTRODUCTION
Conventional methods to control gastrointestinal nematode (GIN) infections of grazing ruminants widely have included the use of anthelmintic drugs. However, the resistance to all the major groups of broad-spectrum anthelmintics throughout the world (Jackson and Coop 2000) and the increasing demand by consumers for organic livestock products have prompted the investigation of alternative nonchemical control methods (Waller 2006) . Stear et al. (2007) divided the possible nonchemical methods in five categories: grazing management, biological control, nutrition, vaccination, and genetic approaches. These authors indicated that no method can be recommended to the exclusion of all the others, and that there may be a role for a combination of methods.
Among grazing management methods, management decisions can modify the extent and severity of GIN infections (Morley and Donald 1980) . Within these strategies, stocking rate, which affects sward height availability, is an intrinsic factor of the grazing systems that could be considered to be the main management factor also affecting biodiversity and systems sustainability (Milne and Osoro 1997) . It commonly is assumed that increasing the stocking rate increases the level of parasitism in grazing animals. However, experimental evidence to support this view is rather limited in sheep, especially in temperate regions (Le Jambre 1984; Thamsborg et al. 1996) , and is unknown in goats. The studies carried out in sheep (Thamsborg et al. 1996; Thamsborg and Hauge 2001) showed a very complex relationship between stocking rates and levels of infection by different parasites. Moreover, Osoro and Martínez (1995) observed that the percentage of improved pasture can affect parasite dynamics in goats managed on heathlands.
Within biological methods, a number of reports have been published in the last few years on the anthelmintic effects of tannin-rich plants on GIN infections in small ruminants (Hoste et al. 2006) . In naturally infected goats, these studies showed a decrease in the establishment of third-stage nematode larvae or reductions in worm fertility and egg output when a moderate concentration of tannin-rich plants was consumed (Hoste et al. 2006; Shaik et al. 2006; Osoro et al. 2007b) .
Surprisingly, there is a lack of research on the combination of different nonchemical methods, despite the idea that an integrated approach should achieve a better and more complete control of GIN infections (Barger 1999; Hoste et al. 2005 Hoste et al. , 2006 . The objective of the present study therefore was to investigate the combination of two alternative methods: grazing management (stocking rate) and biological control (condensed tannins-heather supplementation) on GIN infections and animal performance in cashmere goats grazing upland perennial ryegrass-white clover pastures. The study was conducted under practical conditions in a less-favored area where grazing animals are extensively raised and included in the natural ecosystem dynamics.
METHODS

Experimental Site
The study was carried out in a mountainous area (1 000 m above sea level) in the northwest of Spain (lat 43u219N, long 6u539W, Sierra de San Isidro, Illano, Asturias), where shrubby heather-gorse vegetation is dominant. Four plots of 5 000 m 2 each were established in which the vegetation had been improved in 2001 by soil ploughing and dressing and sowing perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.).
Annual rainfall in the experimental year was 1 253 mm. During the grazing season, mean monthly rainfalls ranged from 11 mm in July to 166 mm in October. Mean average temperatures ranged from 11.3uC in May to 16.9uC in June.
Goats
A total of 62 adult nonlactating and nonpregnant cashmere goats, reared outdoors under pasture conditions not excluding GIN infections, were used in this study. The mean live weight (LW) of the goats at the beginning of the experiment was 31.2 kg 6 0.88 SE. Three weeks before the experiment started all goats were dosed orally with ivermectin (Oramec TM , Merial, Lyon, France). The efficacy of the anthelmintic treatment was assessed at 21 d posttreatment by means of individual examination of fecal egg counts (FEC) and inspection of clinical signs to confirm that animals did not show patent infection.
The experiment was carried out in accordance with Spanish Royal Decree 1201/2005 for the protection of animals used for experimental and other scientific purposes.
Experimental Design
Sixty-two goats were balanced for LW and body condition and randomly assigned to one of four treatment groups in a 2 3 2 factorial arrangement. The main effects were two stocking rates (24 vs. 38 goats ? ha
21
) and two feeding treatments (supplementation with heather vs. nonsupplementation). Supplemented groups were offered freshly cut heather ad libitum in a cage in the field twice per week in the morning, whereas the others received no supplement. All goats grazed continuously throughout the whole experiment (there was not night confinement). The trial extended from 6 May to 21 October.
Sampling Procedures
Pasture. In order to control grass availability, sward surface height was measured weekly using a Hill Farming Research Organisation (HFRO) swardstick (Barthram 1986) , with 100 measurements taken at random in each plot. The botanical composition of the pasture was assessed during the summer (21 July) using a point quadrat (Grant 1981) and recording 100 vertical hits at random in each plot.
Ash and nitrogen (N) of pasture sampled in June, August, and October were analyzed following the procedures of the Association of Official Analytical Chemists (2006) . Crude protein (CP) was calculated as N 3 6.25. Neutral and acid detergent fibre (NDF and ADF) and acid detergent lignin (ADL) were analyzed by the method of Goering and van Soest (1970) and van Soest et al. (1991) .
Heather. The species composition of the heather offered to the goats was assessed in July by recording 1 000 random contacts with the HFRO swardstick throughout the area where the heather was cut. Samples of the green shoots (less than 3 mm in diameter) of the heather offered to the goats were collected in June, August, and September for chemical composition. The nutritive quality (ash, CP, NDF, ADF, and ADL) of the green shoots was analyzed following the same procedures mentioned for the pasture. Heather offered to the supplemented goats was also analyzed for total tannins using the Folin-Ciocalteu assay in combination with polyvinylpolypyrrolidone, as described by Makkar et al. (1993) . Total tannin content was expressed as tannic acid equivalents.
Diet Selection. The percentage of heather in the diet of each individual goat was estimated on 19 August using the n-alkane method (Mayes et al. 1986) , as modified by Oliván and Osoro (1999) . Samples of pasture, heather, and feces from individual animals were collected, and calculations were performed using a least squares optimization procedure (Dove and Moore 1995) , which minimizes the discrepancies between the actual concentration of alkanes in feces (adjusted for incomplete fecal recoveries, using the recovery values obtained in previous studies by Ferreira et al. 2005 ) and the estimated proportion in the diet.
Parasitological Procedures. Throughout the 6-mo trial, fecal samples were collected monthly from individual animals for FEC analysis. Feces were collected directly from the rectum, with ova counted using a modified McMaster procedure (Ministry of Agriculture, Fisheries, and Food [MAFF] 1978) with sodium chloride as the flotation medium, in which one egg counted is equivalent to 15 eggs per gram (epg) fresh feces. Fecal cultures were prepared monthly for each group by pooling samples from individual goats as described by MAFF (1978) to allow identification of third-stage nematode larvae genera according to van Wyk et al. (2004) . In each sample 200 third-stage larvae were identified.
At the end of the trial, six goats of each treatment were slaughtered and adult worms were recovered from the abomasum and intestines. After slaughter, the abomasum and small and large intestines of each goat were ligated and opened, and the contents washed on a mesh screen (60 mm) with tap water. For abomasum and small intestine, the contents were brought up to 500 mL with tap water and thoroughly mixed, and then one 10% aliquot (50 mL) was moved into 100-mL storage containers. Approximately 100 mL of formalin 10% was added to each aliquot as a preservative. For both abomasal and small intestinal samples, the worms in the aliquot were washed on a mesh screen (60 mm) with tap water, the formalin discarded, and the nematodes recovered into a 50 mL centrifuge tube. All large intestine contents were examined for GIN recovery. Afterwards, the nematodes were counted and identified according to species and sex using a phasecontrast microscope.
In order to assess the nematode development, the lengths of 20 male and 20 female worms of each species were measured using a microscope at 310 magnification. Fertility per female worm of each species was determined by direct counting of the eggs in utero after clearing of each female worm with lactophenol for Teladorsagia circumcincta and Trichostrongylus spp. according to the method described by Kloosterman et al. (1978) for Haemonchus contortus. Counts were performed on at least 20 female worms per goat.
Live Weight and Body Condition Score. All animals were weighed at the beginning and the end of the experimental grazing season and also at monthly intervals. At the same time, the body condition score (BCS) was assessed on a scale of 1 to 5 (1 5 emaciated, 5 5 fat; Russel 1990 ). To study LW changes and the possible relationship with FEC and heather percentage in the diet, the grazing season was divided into two periods: period 1 from the beginning to 19 August (high sward availability), and period 2 from 19 August until the end of the grazing season on 21 October (low sward availability).
Statistical Analyses
All analyses were performed using SAS System software (SAS Institute 1999). FEC data from individual animals were analyzed using a Mixed Model procedure (PROC MIXED) for repeated measures (Littell et al. 1998; Wang and Goonewardene 2004) , including in the model the fixed effects of stocking rate (SR), heather supplementation (H), sampling time (T, with six repeated measures), and the interactions SR 3 H, SR 3 T, H 3 T, and SR 3 H 3 T, with the first measure in May as covariate.
Sward height data (plot means) were subjected to PROC MIXED, with 12 repeated measures in time (T) across the grazing season, examining the effects of stocking rate and heather supplementation independently, and the interactions SR 3 T or H 3 T, respectively.
Data on goat LW and BCS changes in periods 1 and 2, and GIN measurements (parasite burden, sex ratio, fecundity in utero, body length) on euthanized goats at the end of the trial were analyzed with a General Linear Model procedure (PROC GLM) for the effects of the two main factors, SR and H, and their interaction. Pasture botanical composition in July (hit percentages from each plot) was analyzed by one-way analysis of variance (ANOVA) to test for SR or H effects independently. Diet composition of supplemented goats in August was analyzed by one-way ANOVA for the SR effect.
FEC data and worm counts were log transformed (log 10 x + 1) to normalize their distribution.
Correlation coefficients between heather percentage in the diet, FEC, and LW changes were analyzed using Spearman rank-order correlation. The mortality rate of goats in the different treatments was analyzed by chi-square test.
RESULTS
Pasture
Sward Height. Sward height achieved maximum values in June (19.7 cm and 15.5 cm at low and high stocking rates, respectively) and decreased until August, remaining constant during period 2 (Fig. 1 ). Significant differences (P , 0.01) in the mean sward height across the grazing season were observed between low and high stocking rates (11.2 cm and 9.2 cm, respectively). The mean sward heights during period 1 were 13.4 cm under the low stocking rate and 11.2 cm under the high stocking rate. During period 2, the means were 7.7 cm and 6.2 cm under the low and high stocking rate, respectively. No significant differences in sward height were observed as a consequence of heather supplementation.
Botanical Composition. No significant differences were found in the sward composition, studied in July, between high and low stocking rates or between supplemented and nonsupplemented treatment plots. Green ryegrass accounted for a mean percentage of 27% 6 1.0 SE, and the percentage of the native
grass Agrostis capillaris L. was 26 6 3.9%. White clover accounted for a mean of 4 6 1.2%. The percentage of dead matter was high (43 6 3.1%) as a consequence of the summer drought. The percentage of grass flower stems was also high (21 6 2.5%) compared to the percentage of grass green foliage (32 6 3.8%).
Chemical Composition. As shown in Table 1 
Diet Composition
The proportion of heather in the diet of supplemented goats was not affected by the stocking rate (0.201 6 0.023 and 0.198 6 0.018 for low and high stocking rate, respectively).
Fecal Egg Counts and Coprocultures
The FEC increased significantly (P , 0.001) across the grazing season and a significant (P , 0.01) interaction was found between stocking rate and time (Fig. 1) . In September and October samplings, the animals from plots under the high stocking rate showed significantly (P , 0.01) higher mean FEC than those at the lower stocking rate. No differences in FEC were detected between goats supplemented with heather and nonsupplemented animals. However, a significant (P , 0.05) interaction was found between stocking rate and heather supplementation for the overall mean values across the grazing season.
Nematode genera, identified based on third-stage larvae obtained from coprocultures, were Teladorsagia, Trichostrongylus, and Chabertia (Fig. 2) . Teladorsagia was the most frequently identified in June and July (60-93%) in the four plots, decreasing sharply afterwards. In contrast, Trichostron- gylus was predominant from August to October (33-100%).
Chabertia was detected in all plots but at a lower percentage (0-31%), except in the August sampling of goats not supplemented with heather under the higher stocking rate (52%). Table 2 shows the mean worm burden, sex ratio, and fecundity in utero of female nematodes. In general, mean total worm counts in abomasum and small intestine tended to be higher in animals from plots with 38 goats ? ha
Adult Nematode Burden
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, although the differences only were significant (P , 0.01) for Trichostrongylus spp. counts. In plots with 38 animals ? ha 21 , mean Teladorsagia circumcincta counts were significantly lower (P , 0.01) in goats supplemented with heather than in nonsupplemented animals. Teladorsagia trifurcata was also identified in some goats but with a very low prevalence rate (, 2%). Mean Trichostrongylus axei counts in goats from plots with 38 animals ? ha 21 were significantly higher (P , 0.01) when compared with goats under the lower stocking rate. Although Trichostrongylus colubriformis and T. vitrinus were identified in the small intestine on the basis of male identification, the results are shown together. No significant differences were found between treatments for large intestine worm counts, but Chabertia ovina was more numerous (P , 0.01) in nonsupplemented goats managed at the high stocking rate.
The female worm fertility (estimated by the numbers of eggs in utero; Table 2 ) and development (estimated by the total length; Table 3 ) were significantly lower (P , 0.05) for T. axei and Trichostrongylus spp. in nematodes from goats under the higher stocking rate. The fertility of Teladorsagia circumcincta tended to be higher in worms from goats under the high stocking rate, particularly in those from supplemented goats. In general, the number and length of male worms tended to be lower in goats under the higher stocking rate and supplemented with heather.
Mortality of Goats
A total of nine goats died between September and October, eight animals on plots with 38 goats ? ha 21 (three supplemented and five nonsupplemented with heather) and one supplemented goat from the plot with 24 goats ? ha
21
. Although the mortality rate tended to be higher (P 5 0.057) in goats under the high stocking rate, no significant differences were associated with heather supplementation (P . 0.10).
Live Weight and Body Condition Changes
The effect of stocking rate on LW changes only was significant (P , 0.001) for the second period of the grazing season (Table 4 ). In the first period, goats under the low stocking rate gained only 7 g ? d 21 more than goats under the high stocking rate, whereas they lost 46 g ? d 21 less in the second period. On the other hand, heather supplementation significantly affected LW changes, both in the first (P , 0.05) and second (P , 0.01) grazing periods. Goats receiving heather supplementation gained 17 g ? d 21 more in the first period and lost 21 g ? d 21 less in the second period than nonsupplemented goats.
LW changes for the overall grazing season were significantly (P , 0.001) affected by the stocking rate (gains of 30 vs. 9 g ? d 21 for low and high, respectively) and heather supplementation (gains of 28 vs. 11 g ? d 21 for supplemented and nonsupplemented goats). The interaction of stocking rate 3 heather supplementation was not significant, although a tendency (P , 0.10) was observed in the second period, with ). Black, Teladorsagia; grey, Trichostrongylus; white, Chabertia.
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nonsupplemented goats under the high stocking rate showing the greatest weight loss (2117 g ? d
21
). Body condition was affected by stocking rate in a similar way to LW changes (P , 0.001). However, the effect of heather supplementation was not statistically significant in any period (Table 4) .
Correlations
The study of the relationships between the heather consumption by goats and their parasite burden and performance showed a significant positive correlation (r 5 0.39, P , 0.01) between LW changes during the grazing season and the percentage of heather in the diet, which ranged from 10% to 45% in the supplemented goats. The correlations were significant for both low (r 5 0.56, P , 0.01) and high (r 5 0.47, P , 0.01) stocking rates. On the other hand, significant negative correlations (r 5 20.59, P , 0.001) were found between LW changes and FEC in October. No significant relationship between the percentage of heather in the diet and FEC was observed.
DISCUSSION
Although the results reported in the literature are not consistent, a significant effect of the stocking rate on GIN infection was observed in this study. In the second half of the grazing season (period 2), FEC increased considerably under the high stocking rate (from 360-470 epg in August to 4 100-4 800 epg in October), whereas the increase was more limited at the low stocking rate (from 300 epg to 1 500 epg). This effect of stocking rate on FEC was in accordance with previous results obtained in angora goats naturally infected with Teladorsagia circumcincta and Haemonchus contortus (Le Jambre 1984) and in grazing sheep (Thamsborg et al. 1996) . Hansen et al. (1989) also found in beef heifers that the lowest stocking rate groups continuously had the lowest GIN egg output and serum pepsinogen levels. Animals at higher stocking rates are forced to graze closer to the manure, and they inevitably ingest a larger number of infective nematode larvae. In general, a higher stocking rate means higher GIN egg output and dispersion and therefore higher pasture contamination and infection risk. In addition, mountain pastures have a higher density than those in lowlands, and the development and persistence of third-stage trichostrongylid larvae is higher in denser pastures (Moss and Bray 2006) . A high stocking rate also means a shorter palatable sward height, less options to select grazing areas when rejecting those contaminated by feces, lower intake, and even negative nutritive balances (Morley and Donald 1980) . Contrary to previous studies in the same experimental farm (Osoro et al. 2007a (Osoro et al. , 2007b , in the present trial no significant differences in FEC were detected between goats supplemented with tannin-containing heather and those nonsupplemented. The lack of significant differences in the current study could be due to the lower nematode burden when compared to previous grazing seasons, which was probably caused by an anomalous dry year. In previous studies (Osoro et al. 2007b) , the mean FEC at the end of the grazing season in the nonsupplemented group, which was managed under a lower stocking rate, was 8 600 epg compared to 1 500 epg and 4 500 epg observed in the present trial under low and high stocking rates, respectively, in nonsupplemented goats. Climatic conditions are known to affect GIN larvae survival and migration in the environment and subsequently the intensity of infection. The dispersal of larvae from feces is largely dependent on sufficient water from dew or rainfall to allow migration (Stromberg 1997) .
The FEC kinetics over the grazing season and GIN genera identified in coprocultures confirmed previous epidemiological data obtained in the same goat research farm (Osoro et al. 2007b) .
Our results showed a significant effect of stocking rate on Trichostrongylus spp. but not on Teladorsagia circumcincta worm burdens. These results are in agreement with those reported by Thamsborg and Hauge (2001) , who observed higher FEC and worm burdens in grazing weaned lambs naturally infected with T. circumcincta and Trichostrongylus vitrinus at a high stocking rate when compared with animals at low or medium stocking rates. In the current work, heather supplementation reduced T. circumcincta burden, but this effect was only significant in goats under the high stocking rate. It is also noteworthy that fecundity in utero and length of T. circumcincta females in supplemented goats were higher than those observed in nonsupplemented animals, probably indicating a long-term established population. Thus, heather could affect the development of the incoming third-stage T. circumcincta larvae. A reduction of 70% in worm numbers was observed by Paolini et al. (2003) in goats receiving condensed tannins before being infected with third-stage larvae of T. circumcincta.
In this trial, heather supplementation had a positive effect on LW changes and reduced GIN effects when animals were managed under the high stocking rate. Previous studies have reported the effect of protein on host resilience to GIN infection (van Houtert and Sykes 1996; Chartier et al. 2000) . However, in contrast to other protein-rich tannin-containing legumes, such as Lotus corniculatus L., used in other studies (Marley et al. 2003; Athanasiadou et al. 2006) , heather has a low protein content (approx. 70 g CP ? kg 21 DM), and therefore the positive responses to its supplementation cannot be attributed to the effect of a dietary protein increase. Nevertheless, heather supplementation could have a positive influence on other aspects of protein metabolism, such as reducing ruminal protein degradation through the action of tannins (Frutos et al. 2000) .
The positive effect of supplementation of heather and forage containing condensed tannins on animal performance was previously observed in grazing cashmere (Osoro et al. 2007a (Osoro et al. , 2007b and angora goats (Min et al. 2005 ). In the current study, goats under the high stocking rate had significantly worse LW changes in the second half of the grazing season when the available mean sward height was below 8 cm. These results are consistent with the linear relationship observed between green sward height and LW changes in cashmere goats grazing pastures with sward height between 3 cm and 11 cm Table 4 . Effects of stocking rate (low or high) and heather supplementation (yes indicates supplemented; no, nonsupplemented) on goat live weight (LW) and body condition score (BCS) changes during the grazing season. (Merchant and Riach 1994; Osoro et al. 2000) , or between 6 cm and 11 cm in feral 3 angora goats (Radcliffe et al. 1991) . A restriction of goats' performance in pastures with sward height lower than 7 cm was reported by McCall and Lambert (1987) . The absence of significant differences in LW changes during the first period would be a consequence of the high sward height (13.1 cm 6 1.08) not limiting herbage intake. The higher LW gains (68-95 g ? d
21
) observed in this study during the first period in comparison with a previous work carried out in the same farm (Osoro et al. 2007b) , where goats had higher sward height available (19.5 cm 6 3.10) but lower LW gains (17-50 g ? d
), is an indicator of the effect of pasture quality and climatic conditions on LW changes. It is known that, according to pasture dynamics, there is an increase of pasture senescence associated with the increase in sward height (Bircham and Hodgson 1983; Hodgson 1985) , with goats showing preference for green pastures (Merchant and Riach 1994) .
The interaction between nutrition, GIN infection, and LW changes has been well discussed both in sheep (Houdijk and Athanasiadou 2003) and goats (Hoste et al. 2005) . It has been suggested that the severity of disease and the loss of production depend upon the intensity of infection, the host immunity, and the hosts relative nutritional status (Coop and Kyriazakis 2001) .
The positive correlation coefficient between the heather percentage in the diet and the LW changes during the experimental grazing season in both stocking rates is in agreement with our previous results (r 5 0.54; Osoro et al. 2007b) , and points again to the beneficial effects of heather availability on goats' performance.
IMPLICATIONS
The high stocking rate increased the infection risk at pasture, and the supplementation of grazing goats with tannincontaining heather improved animal performance, but did not reduce the FEC under the dry climatic conditions of the study year. Practical application of this knowledge in temperate areas supports the management of plots integrating productive improved pastures with high nutritive value (ryegrass-white clover) with natural vegetation communities including tannincontaining plants, such as heather species, as previously suggested Kahiya et al. 2003) . Improved pastures could be used to improve protein and energy intake, and natural vegetation for fibre, minerals, and secondary compounds (condensed tannins) that contribute to improve animal welfare and performance to achieve sustainable goat production systems.
